The interest in safe and efficient transdermal drug delivery systems has been increasing in recent decades. In light of that, polymeric dissolving microneedles (DMNs) were developed as an ideal platform capable of delivering micro-and macro-biomolecules across the skin in a minimally invasive manner. A vast majority of studies, however, suggest that the shape of DMNs, as well as the elastic properties of skin, affects the delivery efficiency of materials encapsulated within DMNs. Likewise, in dynamic tissues, DMNs would easily distend from the skin, leading to inefficient delivery of encapsulated agents. Thus, herein, to improve delivery efficiency of DMN encapsulated agents, a novel hyaluronic acid backbone-based tissue interlocking DMN (TI-DMN) is developed. TI-DMN is simple to fabricate and significantly improves the transdermal delivery efficiency of encapsulated materials compared with traditional DMNs. The enhanced tissue interlocking feature of TI-DMN is achieved through its sharp tip, wide body, and narrow neck geometry. This paper demonstrates that TI-DMN would serve as an attractive transdermal delivery platform to enhance penetration and delivery efficiency of a wide range of biomolecules into the body.
, reducing the delivery efficiency of most biomaterials before reaching the target sites 5 . Hypodermic injections, because of the pain, blood-borne infections 11 , needle-stick and sharp injuries, and biohazardous wastes are likewise not regarded as an ideal delivery system 5, 12 . Thus, despite the fact that the barrier properties of the skin reduce the effectiveness of transdermal delivery 13 , it remains the most promising delivery route of biomolecules 14 . Self-degradable microneedle (DMN) patches, made of arrays of polymeric micron-scale biodegradable needles, were developed as a self-administrable and efficient transdermal delivery platform that penetrates the skin, dissolves, and releases the encapsulated micro-and macro-biopharmaceuticals in a minimally invasive manner without generating any biohazardous wastes [15] [16] [17] [18] . DMNs are advantageous compared to orally taken pharmaceuticals as they do not involve the first pass metabolism of the gastrointestinal tract, and are patient friendly in terms of application compared to hypodermic needles as they do not cause pain and possible blood-borne infections 19, 20 . Moreover, a vast majority of studies reported that DMNs are more dose-effective than topical and subcutaneous immunization 21, 22 . Although DMNs would overcome most of the limitations associated with conventional transdermal delivery, recent findings suggest that because of the elastic and stiffness properties of the skin 23 , DMNs require secondary supporting structures, applicator systems and, enhancers to achieve an accurate delivery [24] [25] [26] [27] [28] . Utilizing a secondary structure such as arrowhead DMNs or pillar-based DMNs 26, 29 , however, may increase the chance of tissue damage upon application. Importantly, as the majority of the material is concentrated in the lower half of the 1 Department of Biotechnology, Building 123, Yonsei University, 50 Yonsei-ro, Seodaemun-gu, Seoul, 03722, Republic of Korea.
2 Juvic Inc., 272 Digital-ro, Guro-gu, Seoul, 08389, Republic of Korea. Correspondence and requests for materials should be addressed to H.J. (email: hijung@yonsei.ac.kr) www.nature.com/scientificreports www.nature.com/scientificreports/ DMNs, an incomplete insertion of the array would significantly reduce its delivery effectiveness 15 . On the other hand, in dynamic tissues, any movement including stretching or bending would easily distend DMN from the skin, affecting its delivery efficiency 30, 31 . Therefore, an optimized DMN platform that is both simple to fabricate and would effectively deliver the encapsulated compounds is required to overcome the obstacles of the current transdermal delivery systems.
Herein, by focusing on the importance of precise transdermal drug delivery, we introduce tissue interlocking DMN (TI-DMN), which is inspired by the shape of candle flame with a narrow neck, wide body, and sharp tip. Through a series of in vitro and in vivo evaluations, we systematically demonstrate that TI-DMN accurately delivers the encapsulated drugs to the body, strongly interlocks within the dynamic tissues, and significantly improves the efficiency of delivered compounds compared to conventional DMNs.
Results
Fabrication of TI-DMNs. The fabrication process consists of two main steps: the creation of a primary wine glass-shaped layer and a sharp tip secondary layer. Briefly, the viscous hyaluronic acid (HA) polymer is dispensed over a thin solidified layer of HA and set vertically inside a customized centrifuge. Next, a non-sticky Parafilm M coated plate is positioned 200 µm away from the main layer to create a wineglass-shaped primary layer followed by the centrifugation process. Finally, the second HA polymer drop is dispensed on top of the primary layer followed by additional centrifugation, resulting in a TI-DMN with a narrow neck, wide body, and sharp tip (Fig. 1A) .
We fabricated TI-DMNs with a total height of 600 ± 25 µm in 5 × 5 arrays with the neck, body, and tip diameters at 120 ± 13 µm, 250 ± 28 µm, and 10 ± 6 µm, respectively (Fig. 1B) . In addition, conventional DMNs were fabricated with a height of 600 ± 38 µm and tip diameter of 24 ± 7 µm. The encapsulation volume and height of TI-DMNs, based on their target application, can be optimized by adjusting the dispensing volume of polymer drops during the fabrication process. Rhodamine B was utilized as a drug surrogate to evaluate the efficiency of TI-DMNs in delivering encapsulated materials compared with conventional DMNs. The drug surrogate could be loaded within the entire body of TI-DMNs, or partially loaded within the body and tip of TI-DMNs (Fig. 1C) .
Mechanical strength analysis. The minimum force required for a single DMN to penetrate the skin is 0.058 N and any force above that accounts for the ability of DMNs in penetrating the skin 32, 33 . Human skin, however, based on the gender, race, and various other factors, poses a unique thickness and elasticity 15, 34 . Therefore, to evaluate the penetration capability of TI-DMNs, we first measured the force at which the breakage of a single TI-DMN occurred and compared it with a conventional DMN fabricated with the same volume of materials and height ( Fig. 2A,B) . Results indicated that the force required to break a single conventional DMN and TI-DMN were 0.38 ± 0.10 N and 0.39 ± 0.06 N, respectively without any significant differences (Fig. 2C) . We further evaluated the shape of DMNs prior-and post-breakage and found conventional DMNs broke in the middle whereas TI-DMNs broke in the neck region (Fig. 2D,E) . The breakage in the neck region of TI-DMN accounts for its similar fracture force with conventional DMNs Overall, these results implied that the mechanical strength of TI-DMN is sufficient to successfully penetrate the skin without breakage.
Skin penetration and attachment force evaluation. Skin penetration and attachment quality of DMNs is among the key factors determining delivery accuracy and efficiency of encapsulated biopharmaceuticals 15, 20, 24 . www.nature.com/scientificreports www.nature.com/scientificreports/ Thus, to achieve a precise delivery, DMNs must be completely embedded and interlocked within the tissues throughout the dissolution process. To assess the skin penetration characteristics of TI-DMNs, we measured the force required to pierce a pig cadaver skin (Fig. 3A,B) . The minimum force required to penetrate the skin was 0.1 ± 0.07 N and 0.19 ± 0.06 N for a single TI-DMN and conventional DMN, respectively, with no statistically significant difference ( Supplementary Fig. 1 ). As previously reported, a lower skin insertion force with shorter displacement suggests a smoother skin penetration 35 . However, to evaluate the skin insertion characteristic of TI-DMNs in detail, a series of quantitative measurements as well as high-magnification microscopy record of insertion process are remained to be addressed in the future research. Overall, based on above findings, we conclude that similar with conventional DMNs, TI-DMNs penetrate the skin in a minimally invasive manner 22, 26 . Our hypothesis was that the combination of narrow neck and wide body of TI-DMNs function as a physical interlocking tool in the dynamic skin. Thus, to confirm the tissue interlocking feature of DMNs, we measured the force required to detach a TI-DMN from the skin and compared it with conventional DMNs (Fig. 3C,D) . We found that at 5 min post application, TI-DMNs required a minimum detachment force of 0.2 ± 0.11 N to separate from the skin, whereas to separate a conventional DMN, a lower force of 0.08 ± 0.05 N was required ( Supplementary Fig. 1 ). Interestingly, conventional DMNs were immediately detached from the skin with only 0.35 ± 0.1 mm displacement, whereas the minimum displacement for TI-DMN was 0.66 ± 0.13 mm. The longer displacement accounts for the stronger interlocking within the tissues, suggesting TI-DMNs would interlock within the skin more strongly than conventional DMNs.
The likelihood of incomplete insertion increases in dynamic tissues because of the stretching or bending motions of the skin 36, 37 . Therefore, to evaluate attachment efficiency of TI-DMNs in dynamic tissues, we applied 5 × 5 arrays of TI-DMN on pig cadaver skin and compared the gap created upon 10 cycles of bending motion at 120° angle with conventional DMNs. Results indicated that conventional DMNs were not completely embedded into the skin and a gap of 237 ± 133 µm was present between the arrays and the tissue upon application. In the TI-DMN patches, a significantly smaller gap of 86 ± 28 µm was observed, indicating a remarkably improved insertion quality (Fig. 3E,F) . Although both DMNs were inserted to the same depth of the skin, the gap was significantly smaller in TI-DMNs because of their interlocking geometry. Under the cyclic bending motion, we found that while the gap in conventional DMN group was increased to 325 ± 158 µm, TI-DMNs remained strongly interlocked within the skin without any significant changes (Fig. 3G) . These findings confirmed that the narrow neck to wide body morphology of TI-DMNs creates an interlocking functionality that prevents them from skin detachment regardless of skin bending or stretching.
Volume distribution and diffusion evaluation. As the probability of incomplete insertion is notably high in DMNs, distribution of encapsulated compounds would directly affect the delivery efficiency. To quantitatively assess the drug volume distribution, we utilized an online software program to replicate the shape of DMNs and measure their volume accordingly. Both conventional DMNs and TI-DMNs were fabricated at the same www.nature.com/scientificreports www.nature.com/scientificreports/ height using the same volume of polymer mixtures (Fig. 4A) . Volume analysis data suggested that in conventional DMNs 48.8 ± 1.5% of drug surrogate was encapsulated up to 120 µm from the base, whereas this was only 17.3 ± 2.6% in TI-DMNs. These results suggest that even in the case of an incomplete insertion in which 120 µm of DMNs are not inserted into the skin, TI-DMN would be capable of delivering a significantly higher concentration of encapsulated biopharmaceuticals compared to conventional DMNs. Next, based on the volume distribution data, we investigated the cumulative concentration of DMNs (Fig. 4B, Supplementary Fig. 2 ). At 240 µm from the tip, the cumulative concentration of TI-DMN was approximately double than that of the conventional DMNs at 30.6 ± 2% and 14.7 ± 2.1%, respectively. This significant difference was maintained up to 480 µm from tip at 82.65 ± 2.6% in TI-DMNs and 51.1 ± 1.5% in conventional DMNs. Based on above findings, we confirmed a high volume of drug surrogate is concentrated in the lower body of conventional DMNs, leading to a drastically reduced delivery volume in case of incomplete insertion, whereas in TI-DMNs, the major volume of materials are localized in the mid-body, resulting in a highly accurate delivery (Supplementary Fig. 3 ).
To evaluate diffusion pattern of TI-DMNs, we assessed the in vitro release intensity profile of TI-DMN over the pig cadaver skin in comparison to that of conventional DMNs (Fig. 4C,D) . At 30 min post application, a considerably higher intensity was detected in TI-DMN treated group than in conventional DMNs (Fig. 4E,F) . Unlike conventional DMN, we confirmed a highly uniform diffusion pattern in TI-DMN treated skin. These results suggested the enhanced delivery accuracy of TI-DMNs compared with conventional DMNs. To investigate the permeation pattern of TI-DMNs across the skin, the tissues were sectioned at the mid-point of each array. Data indicated that the drug surrogate in conventional DMN-treated skin was dissolved and localized at the outermost layer of the skin at 488 ± 61 µm below the epidermis (Fig. 4G, Supplementary Fig. 4) . Additionally, conventional DMNs were not completely inserted into the skin, leading to distinct diffusion of fluorescence intensities in an array. Interestingly, unlike in conventional DMNs where the diffusion was localized at the epidermis, TI-DMNs were primarily diffused beneath the skin beginning from 125 ± 86 µm to 602 ± 47 µm (Fig. 4H, Supplementary  Fig. 4 ). These findings confirmed TI-DMNs are advantageous as they encapsulate the major volume of materials in their mid-body, increasing the delivery efficiency compared with conventional DMNs.
Transcutaneous permeation analysis.
To assess transcutaneous permeation kinetics of drug surrogate encapsulated TI-DMNs, we utilized a diffusion cell apparatus, which mimics the biological environment www.nature.com/scientificreports www.nature.com/scientificreports/ of human skin in vitro 38, 39 . DMNs were applied on pig cadaver skin placed over the diffusion cell apparatus and measured the amount of delivered drug surrogate up to 120 min. Analyzing the release profile pattern of drug surrogate confirmed that TI-DMN induced a faster drug surrogate accumulation compared to conventional DMN (Fig. 5A) . Likewise, a significantly higher volume was delivered by TI-DMN compared to conventional DMN at 92.2 ± 13.3% and 69.7 ± 11.8%, respectively. As shown in Fig. 4A , the fact that most of the drug surrogate is concentrated in the lower body of conventional DMNs, is assumed to be responsible for their poor delivery efficiency. DMNs without drug surrogate were employed as controls and were not detected during the experiment. Further investigation showed that while the base portion of conventional DMN remained undissolved over the patch, TI-DMNs were almost completely dissolved at 120 min (Fig. 5B,C) . These findings confirmed that TI-DMN delivers the encapsulated materials more effectively and at a faster rate than conventional DMNs.
To investigate skin penetration characteristics of TI-DMN arrays in vivo, we applied them on the dorsal skin of mice for 120 min and compared their insertion success rate and permeation volume to conventional DMN patches (Fig. 5D) . Photographs of dorsal skin showed a complete array of spots in the mice treated with TI-DMN patch, whereas in conventional DMNs the spots were barely visible, suggesting conventional DMNs were either www.nature.com/scientificreports www.nature.com/scientificreports/ not completely inserted inside the skin or not inserted at all (Fig. 5E,F) . A considerably higher diffusion intensity was detected in the group treated with TI-DMN than with conventional DMN.
Next, we investigated the insertion success rate of TI-DMNs in vivo. Regardless of completeness or quality of insertion, the total number of DMNs in an array that pierced the skin were counted. We found that the penetration success rate of TI-DMNs at 98 ± 1.1% was considerably higher than conventional DMNs at 74 ± 5.2% (Fig. 5G) . These data implied that compared to TI-DMNs in which the whole array was inserted into the skin, 24 ± 5.4% of conventional DMNs were remained untouched throughout the application process.
Finally, to assess the permeation efficiency of TI-DMNs in vivo, we measured the volume of drug surrogate that permeated into the skin for 120 min. TI-DMN treated group delivered a significantly higher volume of drug surrogate compared to conventional DMNs at 4.56 ± 0.19 µg/cm 2 and 2.85 ± 0.29 µg/cm 2 , respectively (Fig. 5H) . The improved permeation efficiency of TI-DMN was mainly due to combination of the interlocking geometry and encapsulation of the major volume of drug surrogate in its mid-body. DMNs without the drug surrogate showed no permeation throughout the experiment. Therefore, we conclude that TI-DMNs were capable of delivering the encapsulated compounds with a high efficiency beneath the skin. This plays a crucial role for those pharmaceuticals that their precise delivery is important to achieve an aimed biological feedback from the body.
Discussion
The TI-DMN assessed in this study is a platform for accurate, effective, and efficient transdermal delivery of biomolecules, developed to mitigate the limitations associated with conventional DMNs. Our findings confirmed that the physical properties of skin prevents conventional DMNs from complete insertion, leading to inefficient and inaccurate delivery of encapsulated compounds. Therefore, various types of applicators and chemical formulations were incorporated to overcome the obstacles associated with incomplete skin insertion of DMNs. Likewise, in dynamic tissues, any sort of movement including bending or stretching could easily distend and detach DMNs from the skin. TI-DMNs, however, by combining a narrow neck and a wide body shape, were shown to completely penetrate the skin, accurately deliver the encapsulated biomolecules, and prevent the possible detachment from the skin during the application process.
The fabrication process of TI-DMNs using centrifugal lithography takes up to 10 min and up to 4 arrays of 8 × 8 TI-DMNs can be fabricated during each centrifugation cycle. While HA was employed for fabrication of www
TI-DMN is advantageous as the whole array penetrates the skin uniformly and delivers biomaterials with higher accuracy compared to conventional DMN. This not only accelerates the biological feedback response of the body, but it also improves the delivery efficiency of encapsulated materials.
DMNs are subjected to the "bed of nails" effect 40 , in which the force is evenly distributed across the whole array, resulting in incomplete skin insertion and reduced delivery efficiency of DMNs 41 . Therefore, in addition to the shape of DMNs, the distance between each DMN and the total number of DMNs in an array may also play an important role in delivery efficiency of encapsulated biomolecules 41, 42 , which remains to be addressed in further research.
Throughout the study, pig cadaver skin has been used as an in vitro model. Comparing to the human skin, pig cadaver skin exhibits similar composition and stiffness properties. However, we should consider the fact that the skin hydration rate and the difference in skin stiffness would highly affect the insertion and interlocking ability of TI-DMNs. Moreover, as positioning pig cadaver skin over the Franz cell diffusion system does not completely mimic the actual environment of body, the dissolution rate and permeation pattern of DMN is expected to be different in clinical application.
It is important to consider that while we utilized rhodamine B as the drug surrogate for the proof-of-concept in this study, TI-DMNs are capable of encapsulating various kind of micro-and macro-biomolecules including vaccines, proteins, and peptides. Thus, considering the advancements and advantages of TI-DMNs compared to conventional DMNs, this novel system would be an ideal platform for transdermal drug delivery in the future.
Conclusions
In conclusion, we have demonstrated a TI-DMN transdermal delivery platform that smoothly penetrates the skin, interlocks within tissues, and effectively delivers the encapsulated compounds. TI-DMNs are composed of a narrow neck, wide body, and sharp tip that improves their skin insertion capability and reduces the chances of detachment from the skin prior to dissolution. Based on a series of in vitro and in vivo evaluations, we confirmed TI-DMN exhibits a significantly higher delivery accuracy and efficiency of encapsulated materials compared to conventional DMNs.
Methods
Fabrication process of TI-DMN arrays. Polymer solutions were prepared by mixing 60% HA (32 kDa, Soliance, Pomacle, France) powder in distilled water at 32 °C. Rhodamine B (0.1% w/w, 479 Da, Sigma Aldrich, MO, USA) was employed as the drug surrogate. To fabricate DMNs, we employed centrifugal lithography 43 , a recently introduced economical and simple fabrication method. In brief, to fabricate TI-DMNs, polymer droplets were dispensed in 5 × 5 arrays (SHOT mini 100-s, Musashi, Tokyo, Japan) over a flexible plate, positioned 200 µm away from a non-sticky plate and a centrifugal force of 300 g was applied to elongate and form a wineglass-shaped polymer structure. Next, the non-sticky plate was removed, and secondary polymer droplet was dispensed on top of the primary wine glass-shaped layer. Finally, a centrifugal force of 400 g was applied for 1 min to form TI-DMN arrays with a height of 600 ± 25 µm. The conventional DMNs were fabricated at the same height and polymer volume using centrifugal lithography by a centrifugal force of 500 g for 1 min.
Measurement of fracture and skin penetration forces. Mechanical fracture force of DMNs was measured using Z0.5TN (Zwick/Roell, Ulm, Germany) at a speed of 1 mm/min. DMNs were positioned vertically against a sensor probe, which pressed DMNs and measured their fracture force with regard to displacement. Skin insertion force was measured by attaching a single DMN on the sensor probe and pressing it at a speed of 1 mm/ min toward a pig cadaver skin (surface area: 2.5 cm 2 , thickness: 1 mm; CRONEX, Seoul, South Korea). Likewise, the detachment force was measured by removing DMN from the skin at 5 min post application.
Dynamic tissue attachment analysis. DMNs fabricated in 5 × 5 arrays were attached on a sticky patch and applied onto a pig cadaver skin with the surface area of 2.5 cm 2 and thickness of 1 mm (n = 5/group). The initial gap between skin and the patch was measured by calculating the average of 5 fixed points per sample using a M165 FC bright-field optical microscope (Leica, Wetzlar, Germany). Next, the skin was bent and stretched 10 times at 120° to mimic a dynamic tissue in vitro. The bending process was performed using a custom-made tool to ensure the skin does not bend more or less than the dedicated angle. Accordingly, the final gap between the patch and skin was measured and compared to the initial gap.
Cutaneous permeation kinetics. Diffusion of DMNs were analyzed using a Franz cell diffusion chamber (SES GmbH) equipped with a stirrer set at 250 rpm and temperature control system set at 32 ± 1 °C to mimic the blood circulation in the body in vitro. The diffusion of rhodamine B loaded DMNs were separately visualized over the epidermis of pig cadaver skin at 10 and 30 min. At 30 min post application, the tissues were sectioned to visualize the permeation pattern and localization of diffusion within the skin.
Next, the skin permeation kinetics of drug surrogate encapsulated DMNs was evaluated up to 120 min. At 120 min, the skin samples were soaked into the chamber and stirred for an additional 2 h. The total volume of delivered drug surrogate at 4 h was set as maximum and the permeated volume of each sample was calculated relatively. DMNs without the drug surrogate were used as controls. The intensity of permeated drug surrogate in each sample was measured using a multimode plate reader (VICTOR ™ X, PerkinElmer).
DMN volume distribution calculation. Both conventional DMN and TI-DMNs were fabricated at the same height with the exact same volume of polymer. As the shape of each DMN varied slightly, we selected
In vivo insertion and permeation analysis. Male BALB/c mice (6 weeks old) were purchased from Orient Bio (Gyeonggi-do, South Korea) and given one week to adapt to the environment. The dorsal skin of mice was shaved using an electric razor and the drug surrogate encapsulated DMNs were applied for up to 120 min (n = 4/group). To measure the permeation efficiency, the experimented mice skin was cut, embedded in Franz cell diffusion chamber, and stirred at 32 ± 1 °C for 2 h. The intensity of the samples was measured using the multimode plate reader.
To measure the penetration success rate, we counted the number of detectable pierced spots at 120 min post application using the microscope. The quality and depth of insertion were disregarded. All procedures were approved and performed in accordance with the guidelines and regulations of the experimentation ethics by Yonsei Laboratory Animal Research Centre (YLARC).
Statistical analysis. Means were compared using Student's t-test or one-way analysis of variance (ANOVA) using GraphPad Prism 6 software. P-values of <0.05 were considered significant.
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